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Abstract
A pilot plant gas producer was installed at a Walnut processing
plant to recover usable energy from cracked walnut shell. The
shell was converted to a low-Btu fuel gas (producer gas) and
this was used to replace natural gas in a steam boiler. Long
term continuous operation of the producer has yet to be achieved
due to mechanical inadequacies of the fuel feed and grate sys
tems. These problems are a result of special fuel characteristics
of walnut shell, which are being further investigated on a labora
tory scale gasifier. It is expected that component changes and/or
fuel preparation can facilitate satisfactory long term operation.
1. INTRODUCTION
The national consumption of energy in ag

The industrial sector, which includes food

riculture is between 12 and 20 percent (1),

processing, is over 12%, devoted to agricul
ture. Estimates for food processing alone
range from 5 to 7 percent, or roughly half

depending on the definition of the food
system (some estimates include machinery
and buildings). The Federal Energy Admin
istration (1975) projected a consumption
of 16 to 50 percent distributed over four

of the energy dedicated to agriculture in
the U.S. industrial sector. Forty-eight
percent of the energy consumed by food pro
cessing (1) is in the form of natural gas.
Agriculture in California is very similar.
The annual consumption of energy in Cali

categories (Table 1).
Table 1.
Categories o f
taergy U s e
Industrial
Transportat Ion
Residential
C o w e r leal
TOTAL

U.S. X
of Total
43
24
19
14
IOfl

PROJECTED NATIONAL
ENERGY CONSUMPTION
X Agricultural
of U.S. Total
5.5
4.4
3.4
3.2
T6.5

fornia is almost 7Q (2) , 357. of which is
the form of natural gas and 60% is oil.

X Agriculture
of Category
12.7
18.3
17.8
22.8

Agriculture is an important user of both
fuel types when the entire food chain is
considered. The major users in the food
chain, in order of size, are: distribution/
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home preparation, processing and farm op

to demonstrate the energy extraction abil

eration (3).

ity of the system in actual application.

On-farm use alone equals

5.27, of the natural gas and 6.2 % of the
petroleum use in the state (4).

The pilot producer was installed on the

The cost

premises of Diamond/Sunsweet, Inc. a wal

of electricity is expected to increase 217.

nut processing plant which handles over 507

(over inflation) by 1985, and, with con

of California's walnuts.

tinued regulation, natural gas is expected

dispose of 35,000 tons of cracked shell in

to increase 8% %.

1977.

Furthermore,

Califor

The plant will

Shell was converted to low-Btu fuel

nia faces a potentially severe shortage of

gas and this was used as a replacement for

natural gas in the early 1980's, even under

natural gas.

the most optimistic scenarios of supply

the California Energy Research Conservation

(2).

and Development Commission (Contract No.
4-0138).

Some food processing industries are

already subject to curtailment. Theoret
ically, the maximum potential energy from

The project was funded by

2.

GASIFICATION THEORY

residues in California is almost 1.3 Q (5)

In a gas producer low-Btu fuel gas is ex

(6).

tracted from crop residues by subjecting

However, due to economics of collec

tion, existing ing cultural practice, in

the residues to partial combustion in a

accessibility, more valuable end uses, and
1)
other constraints, approximately 16 x 10

fixed bed with a limited supply of air.

A

low pressure air blast is injected into

Btu yr 1 in low moisture residues is cur

the bed in the producer firebox.

rently wasted (7).

Approximately 320 x

the firebox, carbon, derived from the re

(5) are available as wood

sidue or fuel, reacts with oxygen, in the

10

12

Btu yr

-1

Inside

which is economical to use as a feedstock.

air blast, resulting in the simultaneous

Natural gas usage by agriculture in Cali
fornia is 121 x 1012 Btu yr'1 (4). Avail

formation of carbon dioxide and carbon mon
oxide.

able residues could supply well over twice

the carbon dioxide reacts with more carbon

the present energy demand.

producing carbon monoxide.

Clearly, there

With a sufficient depth of fuel,
Steam, from

is an urgent need for an alternative ener

moisture in the air blast and in the fuel

gy source to be made available and low-Btu

is partially dissociated over incandescent

gas from agricultural and forest residues

carbon to produce hydrogen.

may be one source.

products from the distillation or "pyrol

A laboratory scale

Hydrocarbon

downdraught gas producer was developed at

ysis" of the fuel are also present.

U.C. Davis and used in combination with a

bon monoxide, hydrogen and hydrocarbons

spark-ignition engine/generator set to

are the combustible constituents in pro

demonstrate the feasibility of converting

ducer gas; the balance consist of nitrogen

agricultural residues to electrical energy
via gasification. The performance of

of oxygen and carbon dioxide.

Car

(50 to 607o by volume) and small quantities
The theory

spark ignition engines, when running on

of gasification and the development of gas

producer gas, was investigated and the

producer technology are discussed in an

gasification characteristics of different

earlier publcation (9).

residue fuels was also studied.

In an updraught

The re

producer hot gases flow counter to the fuel

sults of these tests are given elsewhere

and in doing so they pyrolyze a portion of

(8) . Following the satisfactory demonstra
tion of gasification on a laboratory scale,
a pilot plant was designed and fabricated

the fuel and the resulting gas has a high
tar content. Downdraught producers, on
the other hand, have the potential to
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eliminate tar from the gas and are proba

Figure 2.

bly better adapted to crop residue. Pyrol

PILOT PLANT INSTALLATION
AT DIAMOND/SUNSWEET

ysis vapors must pass through the reaction
zone where they are broken down before
combining with the exiting gases.
3.
PILOT PLANT PRODUCER
An assembly drawing of the unit is shown
in Figure 1. The producer shell is in
five sections connected by bolted flanges.
Figure 1.

PILOT PLANT GAS PRODUCER

taken up with support beams and grate wiper
drive. Above the grate the producer will
hold five tons of fuel when full.

The de

signed fuel loading rate of 1400 pounds
per hour was expected to produce 8 million
Btu's per hour. The upper half of the pro
ducer is fabricated from 10 gauge, 1020
sheet metal, the lower half from A515 m e 
dium carbon steel. The grate consists of
a conical basket fabricated from 3/16 per
forated stainless steel; solid refuse is
removed from the base of the grate by a
continuously rotating wiper blade moving
in the horizontal plane. At the location
shown in Figure 2 producer gas was burned
inside a steam boiler. A three-way valve

It is designed to operate in downdraught
mode with provision to convert it to an
updraught producer.
The entire pilot

enables gas to be either flared on top of
a stack or delivered to the boiler. A gun
type burner is used which is located in
side the ring-type existing natural gas

plant has been made portable by mounting
it on a flat bed semi-trailer.

Partial

burner. The air blast for the producer is
obtained from a gasoline engine driven
positive displacement blower. A schematic
drawing of the method of operation is
shown in Figure 3. Air is distributed to
the bed of fuel, via an internal plenum
and 8 tuyeres. The plenum is constructed

disassembly achieved the 13 ft. 6 in.
legal load height limit, which is neces
sary during transportation. A veiw of
the gas producer at Diamond/Sunsweet is
shown in Figure 2. The capacities of the
fuel hopper, firebox and grate are 125 cu.
ft., 38 cu. ft. and 143 cu. ft., respec
tively. The ash pit has a capacity of
69 cu. ft. although much of this space is

from two concentric steel cylinders. The
inside cylinder constitutes the firebox
223

Figure 3.

Figure 4.

SCHEMATIC OF PILOT PLANT

auger.

FEED SYSTEM

Both the ash pit and fuel hopper

are equipped with level detectors to auto
matically start and stop the fuel feed and
ash removal systems.

If necessary these

systems can be operated from inside the
cabin.
vrall.

Gas passes down through the fire

box and exits through the base and sides
of the grate.
Above the reaction zone,

thermocouples probles and

perature readout meters, pressure gauges

as the fuel starts to heat up, steam and
tar vapors are driven off.

Type K

compensating meters are used for tempera
ture measurements.
Gas analysis and tem
and control switches are mounted on a cen
tral control panel in the instrument cabin.

These migrate

into the condensation zone where they con

4.

dense and collect in the condensate gutter.

OPERATING EXPERIENCE AND RESULTS

In this way much of the steam and conden

A serious problem associated with the gas
ification of walnut shell is the particle

sable vapor is removed from the gas pro
ducer before it can exit in the gas stream.

size distribution of this fuel. After
cracking and separation of the nut meats,

The grate has to serve the three purposes

an oil is extracted from the inedible ker

of supporting the fuel bed, allowing for
passage of solid refuse and allowing pass

nels and the fibrous material in the shellShell emerges from the oil extraction pro

age of gas.

cess in a "mulled" form.

Solid refuse is forced through

One hundred per

the grate as a result of wiper action and

cent of a representative sample of this

is collected in the ash pit.

material passed a #4 Tyler sieve; 80% was

The cabin,

mounted on the front of the semi-trailer
houses the process control and instrumen

retained on a #8 sieve and 100%, was re
tained on a #14 sieve. All the shell dis

tation equipment.

posed of by Diamond/Sunsweet is in mulled

The fuel feed system

consists of a storage tank, feed auger,

form.

continuous flow metering device and air
lock feed valve (Figure 4). Solid refuse

Mulled shell has a bulk density of
-3
35 lb. ft
at 5% w/w moisture content.
The high bulk density and granular nature

is removed from the base of the producer

of the material mean that a fixed bed of

with a rotary airlock valve and a refuse

shell has a low voidance, and presents a
22k

high resistance to the passage of air or

mulled and raw shell have been gasified

gas.

using a number of different grate designs
with the laboratory producer (8). Tests
with mulled shell are still underway.

A pressure differential of 5 inches

of water gauge was recorded over a bed
one foot in depth for an average velocity
of 150 ft. min-^.

A firebox and grate

Either a new grate will be designed or the
existing one suitably modified before

were designed for use with mulled shell
and tested on the laboratory scale pro
ducer.

mulled shell can be gasified in the pilot
plant. Results of a four hour test on

The results of these tests are

given elsewhere (8). The scale-up of
this concept from one foot to four feet

August 1, 1977, using a fuel consisting
of 50% raw shell and 50% mulled shell

has, so far, proved unsuccessful. Much
larger forces than were anticipated were
required to turn the blade in the ash

(8820 Btu-lb ^ at 6.87, w/w M.C .) are sum
marized in Tables 2 and 3. Table 2 shows
how 807. of the carbon input is gasified,
13.5% is withdrawn in the solid refuse,

basket.
It was not possible to supply
adequate air to the combustion zone and

0.257. is removed as tar from the conden
sate gutter and 6.25% cannot be accounted
for. The distribution of hydrogen and
oxygen into and out of the producer are

optimum gasification temperatures were
not maintained, resulting in the produc
tion of a large volumes of tar in the
exiting gas stream. The fuel feed assem

recorded in a similar manner.

blems.

Gas pressure in the fuel hopper

was about 2 psig and during operation of

Table 2.

the feed cycle, large quanties of gas
were displaced into the atmosphere.

DISTRIBUTION OF C, H, AND 0
IN OUTPUT AND INPUT STREAMS

The
Fuel To

gas at this point is heavily laden with
tars. Condensation inside the feed valve
hindered its operation.

Producer

CX

HX

100

10

Fuel M o i s t u r e
and Combined Water

ox

90

49

100

100

84

75

Air

Once this had

51
TOTAL

occurred the valve failed to seal when
closed and gas continued to escape from
the fuel hopper even when the feed cycle

100

Gas

80

Steam

1 4 (By Diff)

Solid Refuse

8

13.5

Tar

0 .25

2

93.75

100

85.5

-

14.5

Water

was not operating.
This frequently caused
premature shut-down of tests. As a result
of fuel feed and grate inadequacies, long

2.5
TOTAL
UNACCOUNTED FOR

term, continuous operation has yet to be
achieved. Several modifications to the
feed assembly were tested but found to be
unsatisfactory. A system using a butter

6.25

Table 3.

ENERGY BALANCE
B T U - H R -1

fly valve above a rotary gate is now op
erating on a second pilot plant producer.
An assembly of this type may be incorpo
rated on the first unit.

The energy

balance in Table 3 shows the distribution
of heat as Btu-hr ^ and percent. The

bly was also a cause of operational pro

8,257,000

100

H e a t of c o m b u s t i o n of
p r o d u c e r gas

5,450,000

66

945,000

11

67,500

1

380,000

5

H e a t o f c o m b u s t i o n of c a r b o n
in so l i d r e fuse and s e nsible
heat' o f s o l i d r e f u s e

Attempts to

Heat

loss

in condensate

pelletize mulled shell, to obtain a fuel
of larger lump size, have shown consider

Sensible hea t

able promise. Pelletized shell, c o m
cobs, bark, woodchips, and mixtures of

U N A CCOUNTED FOR
(Heat l o s s d u e to r a d i a t i o n ,
e rror, etc . )

Sensible

and

in gas
latent heat

in s t e a m

TOTAL

225

X

P o t e n t i a l h e a t i n fuel
f i r e d t o p r o d u c e r and
in fuel for blower e n g i n e

90,000

l

6,932,500

84

1,324,500

16X

average fuel consumption rate was 1000 lb-

Total Annual Use of Natural Gas

hr"1 of which 927, was gasified, 77, was

850,000 Therms

removed as solid refuse and 1% was removed
as condensate.

Peak Demand 15 x 10^ Btu-Hr"1

It can be seen from Table

3 that the conversion efficiency, taken to

Unit Costs

be the ratio of the net heating value of

$2.25 (million Btu)"1 7/1/77

producer gas to that of the fuel was only

(Incl. 67, city tax)

667, (energy consumed by the blower engine
was only 0.57> of total energy input). The

Residue Production 35,000 tons yr -1

sensible heat in the gas (57, of the heat
input) is utilized when producer gas is

Value of Residue $4 ton"1

used as a natural gas replacement.

The

5.1

results do not consider the tar content
of the gas.

This probably accounts for

COST PROJECTIONS FOR THE REPLACEMENT
OF NATURAL GAS

Calculations are based on a peak demand of

6

-1

the 6.257o carbon and 14.57, oxygen which

15 x 10

were not measured in the output streams

conversion of potential heat in the shell

and also part of the 167, of energy input

to hot, raw gas is assumed to be 907,.

which cannot be accounted for.

value of 7000 Btu-lb 1 is used for the

Tar in

Btu-hr

.

The efficiency for the
A

the output gas is not desirable. Although

potential heat in the shell as fired. The

it will burn and thus constitutes, usable

estimated capital cost of a gasifier to

energy, its combustion is difficult to

produce gas suitable for replacing natural
gas in a steam boiler is

control and it forms deposits in the gas
piping and burner systems.

The gas compo

sition (moisture and tar-free basis) was

$3000 (ton-day-1)_1
Required Fuel Consumption Rate

197, CO, 67, C02 , 157, H 2 , 47, 02 , 4.57, hydro
carbons and 51.57, N 2 (all by volume). The

15 X 10^ X 24
no r .
j
-1
7000 x 0.9 x '2000 “ 28 6 tons“day

net heating value was 140 Btu ft””* at60°F

Capital Cost of Gasifier

and 14.7 psia and using the heating value
of methane for hydrocarbons.

28.6 x 3000 = $85,800

Gas produc

tion rate, obtained by nitrogen balance
from the air input, was about 40,000 ft

The estimated cost of piping, cyclone, gas

3

burner and burner controls is $40,000

hr”*” at 60°F and 14.7 psia.
5.

Total Gasifier Investment

COST PROJECTIONS

Cost projections are calculated for Dia

85,800 + 40,000 = $125,800

mond/ Sunsweet for natural gas replacement

Annual costs of operating the gasification

and electricity generation.

equipment, expressed as percentages of

The plant's

energy requirements and residue production

capital cost, are assumed to be 177, for

are summarized as follows:

interest and depreciation, 37, for repairs

Total Annual Use of Electricity 13xl0^kwh

and maintenance and 27, for taxes and in
surance.

Peak Demand 3200 kw

Annual labor costs are based on

an hourly rate of $6 and a working year
of 1000 hrs.

Unit Costs
$0.04 kwh 1 block rate July 1, 1977

Annual Cost
(0.17 + 0.03 + 0.02) x (125,800) = $27,676
226

Annual Labor Cost 1000 x 6 = 6,000

Dual fuel diesel engines running off 90%,
producer gas should be derrated 80% of nor

Total Annual Operating Cost For Gasifier

mal output.

27,676 = 6,000 = $33,676

diesel engine of suitable size is assumed
to be $140 kw ^ . An additional $20 kw-^

Cost comparison for replacing natural gas

is required for conversion to a dual-fuel
engine.

Annual Cost of Gas Being Replaced
850,000 x 0.225 = $191,250
Annual Fuel Requirements
850.000 x 100,000
7.000 x 0.9 x 2,00(T

Capital Cost 14°- x -3 ’200 = $560,000

6,746 tons yr

0.8

-1

Engine Conversion 20 x 3,200 = $64,000

Revenue Otherwise Obtained From Shell

Total Dual-Fuel Engine Investment $624,000

4.00 x 6,746 = $29,984

Annual costs of operating the engine, ex
pressed as percentages of capital cost,
are assumed to be 17%, for interest and de

Estimated Annual Savings
191,260 - (26,984 + 33,676) = $130,590
5.2

The capital cost of a used

preciation and 2% for taxes and insurance.
Repair maintenance and lubrication is

COST PROJECTIONS FOR THE GENERATION
OF ELECTRICITY

assumed to cost $0,003 kwh-^.

Calculations are based on a peak demand of
3200 kw.

The plant

uses 13 x 10^ kwh annually.

The overall efficiency for the
Annual Cost

conversion of potential heat in the shell
to electrical energy is assumed to be 18.9%
(707. for the gasifier, 30% for a dual fuel
diesel engine and 90%, for a generator) .

(0.17 + 0.02) x 624,000 = $118,560
Repair, Maintenance and Lubrication
0.003 x 13 x 106 = $39,000

The estimated capital cost of a gasifier
to produce cold, clean gas, suitable for

The fuel cost for the engine is based on

use in a dual fuel diesel engine is $4000

a cost of $0.35 gal ^ for diesel which

(ton/day-1) 1 .

represents 10%, of the energy output. Fuel

This includes the cooling

cost is converted to $0.0028 kwh~^.

and cleaning equipment.
Required Fuel Consumption Rate

day-1

It is assumed that no labor is requred

Capital Cost of Gasification Equipment

when the gas producer has an operator.

m V ffio V W

-

99

Fuel Cost 0.0028 x 13 x 106 = $36,400

4000 x 99 = $396,000

Total Annual Cost of Engine/Generator Set
118,560 + 39,000 + 36,400 = $193,960

Annual cost of operating the gasification
equipment are the same as in 5.1.

Total Annual Cost for
Generating Electricity

Annual Cost

193,960 + 93,120 = $287,080

(0.17 + 0.03 + 0.02) x 396.00 = $87,120
Cost Comparison For Generating Electricity
Annual Labor Cost 1000 x 6 + $6000
Annual Cost of Electricity Being Replaced
Total Annual Operating Cost For Gasifier
87,120 + 6000 = $93,120

13 x 106 x 0.04 = $520,000
227

locations.

Annual Fuel Requirements
13 x 106 x 3412

_

__

There is a need for a natural

gas replacement and electricity generation.

-1

O.T89 x 7ff0"0 x 2000 ' 16’763 tons ?r

A rice mill has the potential to run year
round.

Revenue Otherwise Obtained From Shell

Rice husk has a high ash content

(207o w/w) a low heating value (7236 Btu-

4.00 x 16763 = $67,052

lb * gross, dry basis) and a low bulk den-3
sity (7-8 lb-ft ). A producer which uses
husk as a fuel will have to accomodate a

Estimated Annual Savings
520,000 - (67,052 + 287,080) = $165,868

large throughput of material.
6.

POTENTIAL FOR OTHER APPLICATIONS

Gasification equipment can be built- in a

Densifica-

tion of husk prior to gasification may be
necessary.

range of sizes and degrees of automation.

6.2

LUMBER MILLING

There is a very wide range of potential

A gasifier, engine/generator combination

markets for gasifiers fueled with agri

offers an alternative to a boiler and

cultural and forest industry residues.
The rate at which these markets develop

steam turbine for small mills. Wood chips
and some hogged wood could be gasified as

and their ultimate size will depend upon

produced.

the following:

tered include the high moisture content of

(1)

(2)

(3)
(4)

Completion of the development of

forest residues and the presence of rocks

gasification technology, result

in material from a debarker.

ing in the availability of gas

require cubing prior to gasification.

producer-engine systems which are
reliable and which meet the envi

6.3 COTTON GINNING
In the preparation of cotton lint approxi

ronmental standards required at

mately 140 to 180 lbs. of cotton gin trash

Sawdust will

specific applications.

is produced per bale.

The willingness of potential users

elsewhere throughout the United States,

of gas producers to adapt to the

disposal of this gin trash is a serious

handling requirements of residue
fuels as opposed to natural gas

problem because it is burned in the open,

and oil.

ning requires electrical energy and a sub

In California and

causing severe air pollution.

Cotton gin

Competitive uses for gasifier

stantial quantity of heat for drying

fuels.

cotton in preparation for ginning.
Gin
trash may require cubing before it can be

Cost optimization for the collec
tion processing and storing of

gasified, but cubing costs will be offset
by existing disposal costs.

residue fuels.
(5)

Problems which will be encoun

The rate at which the cost of

6.4 CORN DRYING

energy increases.

An estimated heat equivalent of 10 million

Possible immediate locations for the in
stallation of gas producers include the

barrels of oil is required to dry the U.S.
corn crop each year.
Gasification would

following:

provide the technology to convert a small

6.1

portion of the corn cobs to a useful gas

RICE MILLING

During this operation about 20% of the in

that could be simply adapted to existing

coming weight is removed as husk. In 1975

c o m drying facilities, eliminating the

California produced over one million tons
of husk, most of which was produced at 6

extensive use of propane and making corn
farmers independent of fossil fuel for
228

drying.
fuel.
6.5

C o m cobs are an ideal gasifier

California Energy Commission, October,
1976 .

FRUIT AND VEGETABLE DEHYDRATION

(8)

Robert 0. Williams and Brian Horsfield ,

In many other parts of the nation, fruits

"Generation of Low-Btu Fuel Gas from

and vegetables are dehydrated to make them

Agricultural Residues and Experiments
with a Laboratory Scale Gas Producer",

storable.

Many of these dehydration oper

ations have ready access to crop residues.

Department of Agricultural Engineering,

For example, the dehydration of prunes
take place adjacent to orchards where,

University of California, Davis, 9th
Annual Conference on "Food, Fertilizer

annually, large amounts of woody material
are removed while pruning the trees. These

and Agricultural Residues" April 1977,
Syracuse, New York.

prunings could be stored during the summer
and then used as fuel for the gasification

(9)

Robert 0. Williams and BrianHorsfield,
"Energy for Agriculture and the Gas

process to provide energy for prune dehyd

ification of Crop Residues", Depart

ration.

ment of Agricultural Engineering,
University of California, Davis,

The same is true of raisin dehyd

ration and walnut drying.
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